Liu, C., Allan, R. P., Brooks, M. and Milton, S. (2014) (308S-308N) . Consistent with previous studies, the predicted diurnal cycle of precipitation peaks too early (by ;3 h) and the amplitude is too strong over both tropical ocean and land regions. Most of the wet and dry precipitation biases, particularly those over land, can be explained by the diurnal-cycle discrepancies. An overall wet bias over the equatorial Pacific and Indian Oceans and a dry bias over the western Pacific warm pool and India are linked with similar biases in the climate model, which shares common parameterizations with the NWP version. Whereas precipitation biases develop within hours in the NWP model, underestimates in water vapor (which are assimilated by the NWP model) evolve over the first few days of the forecast. The NWP simulations are able to capture observed daily-to-intraseasonal variability in water vapor and precipitation, including fluctuations associated with tropical cyclones.
Introduction
The realistic representation of precipitation in weatherforecasting and climate-prediction models is of importance to society in terms of planning for and reducing damage from extreme weather (Meehl et al. 2007; O'Gorman and Schneider 2009; Kendon et al. 2012) . Projected intensification in precipitation (Sun et al. 2007; Kharin et al. 2007; Allan et al. 2013; O'Gorman 2012; Liu and Allan 2013) and drying of dry subtropical regions (Power et al. 2012; Scheff and Frierson 2012; Allan et al. 2013 ) are caveated by unrealistic representation of moist processes and systematic biases in climate simulations (e.g., Liu et al. 2012; John and Soden 2007; Pierce et al. 2006 ) that also impact the skill of weather forecasts (Williams and Brooks 2008) . Forecasting over short time periods is vital since it is important to make decisions a few days in advance for agriculture, water resources, and health authorities, which are dependent on accurate forecasts of precipitation from routine numerical weather prediction (NWP).
Many of these forecast errors are associated with diurnal phase and intensity (Dai 2001; Dai and Trenberth 2004) , particularly over regions with intense precipitation (Chakraborty 2010) . The diurnal cycle involves many coupled processes, such as surface exchange, turbulence, convection, and cloud-radiation interactions (Bechtold et al. 2004) , which are all parameterized in both NWP and climate models, which share the same physical structure (Brown et al. 2012) , and therefore identifying emerging biases over the first few days of NWP forecasts can illuminate the processes responsible for systematic biases in climate-model simulations (Slingo et al. 2003; Pierce et al. 2006; John and Soden 2007; Rodwell and Palmer 2007; Martin et al. 2010; Xie et al. 2012) .
In this study the global precipitation forecast by the Met Office global NWP model (Walters et al. 2011 ) is compared with satellite observations, with a concentration on tropical regions (308N-308S). The main objectives are 1) to investigate the diurnal-cycle phase and amplitude effect on the biases and 2) to understand the evolution of the model biases and identify any links to similar biases in the Hadley Centre Global Environment Model, version 2 (HadGEM2), which is the model's climate configuration (Martin et al. 2011 ).
Datasets and method
The NWP model data are obtained from the Met Office global NWP system (Brown et al. 2012) for the period from June to September 2011. The forecast model during this period was configured as the Global Atmosphere 3.1 model described in Walters et al. (2011) . The data used in this study are from forecasts initialized at 1200 UTC using the hybrid ensemble four-dimensional variational data assimilation scheme described in Clayton et al. (2012) and Rawlins et al. (2007) . The data used are instantaneous (model time step) snapshots from 0 (1200 UTC day 0) to 144 (1200 UTC day 6) h. The data are available at 3-h intervals until 72 h and then at 12-h intervals to 144 h. The daily mean of day 0 is defined as the averaged output in the first 24 h (from 1200, 1500, 1800, 2100, 0000, 0300, 0600, and 0900 UTC). The average from the next 24 h of outputs is defined as the mean of day 1, and so on. In this way, the first three daily means will contain eight forecasts in each day. The following days (3-6) contain only forecasts at 1200 and 0000 UTC. The corresponding Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis (TMPA) 3-hourly data are also organized similarly for bias and diurnal-cycle calculations.
Most of the products from satellite measurements sampling instantaneous rainfall rates over 1-2 overpasses per day may be considered as instant snapshots of the precipitation fields averaged over the satellite footprints. The latest (version 7) precipitation and water vapor retrieved from the Special Sensor Microwave Imager/Sounder (SSMIS) by the Remote Sensing Systems company (RSS) using a unified, physically based algorithm (Hilburn and Wentz 2008) are daily data. It is not ideal to compare them with NWP data directly because of their spatial and temporal coverage, but they are assimilated to the NWP model, and therefore the comparisons may provide some information on the model behavior. The precipitation data from TMPA (Huffman et al. 2007) , blended from a variety of sources (including rain gauges over land) and having both daily and 3-hourly output, can be used for mean skill and diurnal-cycle comparisons with the NWP model. Precipitation P and total column water vapor content WV from the climate models HadGEM2-ES (Earth System configuration) and HadGEM2-A (Atmosphere Only configuration) (Martin et al. 2011) are also used to compare the climatological biases with the biases emerging from NWP simulations. The climate-model data were obtained from phase 5 of the Coupled Model Intercomparison Project (CMIP5; K. E. Taylor et al. 2012 ) and phase 5 of the Atmospheric Model Intercomparison Project (AMIP5; the atmosphere-only experiments) archives. HadGEM2-A is forced by realistic sea surface temperature (SST) and sea ice and radiative forcings. The total column water vapor data from the interim European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis product (ERA-Interim; Dee et al. 2011 ) are also used here for comparison purposes. It is accumulated from 6-hourly data with 0.258 latitude and longitude resolution interpolated from the original N128 reduced Gaussian grid (;0.78). Both radiances from the Special Sensor Microwave Imager (SSM/I) and High-Resolution Infrared Radiation Sounder (HIRS) related to the total column water vapor are assimilated into the ERA-Interim data. All datasets and their brief descriptions are listed in Table 1 ; the products retrieved from the SSM/I on F13 and the SSMIS on F17 are named RSS F13 and RSS F17, respectively.
For precipitation and water vapor products from satellite observations, it must be borne in mind that, although the observations are normally regarded as ''truth,'' the observational data themselves have some uncertainties, such as the discrepancies between the TRMM 3B42 and TRMM 3G68 datasets (Kikuchi and Wang 2008) and between TRMM 3B42 and data from the TRMM precipitation radar (Kidd et al. 2013) . It is known that the TRMM precipitation retrieval algorithm includes distinctly different methods for land and ocean (Kummerow et al. 2001) . The reanalysis can be regarded as data that are close to the truth, but it still involves some model tuning and therefore may not represent the ''true truth.'' The NWP data are instantaneous, which differs from the observed data, such as the TMPA 3-hourly data representing 3-h means from different sources. All of these factors need to be considered when comparisons are made.
Because the Met Office NWP model grid is not the same as those from satellite observational datasets, when calculating the bias and correlations all data are interpolated to a 18 3 18 resolution box by simply taking the mean of all valid data points in that box or the average of the four neighboring grid points closest to the box center if there is no data point in that 18 3 18 box. As in Chakraborty (2010) , the root-mean-square error (RMSE) in space is calculated as
where N and M are the total number of points in space, and M i, j and O i, j are model and observed fields at the ith and jth location. The bias is defined as
where K is the total number of data points and k can be the time or location.
Characterization of NWP model biases in precipitation and water vapor
The seasonal means of precipitation and total column water vapor content over the period of June-September 2011 (hereinafter JJAS 2011) from both model and observations are shown in Fig. 1 in their original grid. The mean precipitation features of the intertropical convergence zone (ITCZ) are captured by the NWP model at day 0 when compared with the RSS F17 and TMPA data. The RSS F17 data show weaker precipitation over the central Indian Ocean than do the other two datasets (see Figs. S1a-c of the supplemental material) but stronger precipitation over the North Pacific and North Atlantic Ocean storm regions. The observational datasets are subject to calibration and sampling uncertainties (e.g., the agreement of precipitation among different datasets is typically within 63%; Hilburn and Wentz 2008) , which may also contribute to the differences. The observed water vapor is assimilated by the NWP model, which maintains generally good agreement with RSS F17, and the ERA-Interim analysis, although the NWP is slightly wetter (;3%) than the other two datasets (see Figs. S1d and S1e of the supplemental material).
Because the tropical and subtropical regions (308N-308S) are the primary precipitation regions and are covered by both the RSS F17 (ocean only) and TMPA (ocean and land) datasets, the following analysis will focus on this area. The mean predicted instantaneous precipitations at 0000 and 1200 UTC day 0 calculated from averages of all precipitations at 0000 and 1200 UTC day 0 over JJAS 2011 and the biases between NWP and TMPA are plotted in Fig. 2 , together with the mean streamfunction at 1200 UTC day 0. Over equatorial Africa, the wet NWP bias at 1200 UTC day 0 ( Fig. 2e ) increases with lead time (Figs. 2g,j), whereas the dry bias at 0000 UTC weakens throughout the period (Figs. 2d,f,i). Over southern Asia, there is a wet precipitation bias at 0000 UTC that weakens slightly with lead time and a larger-magnitude dry bias at 1200 UTC that strengthens slightly with time. A wet bias over the Pacific ITCZ and northwestern subtropical Pacific at 1200 UTC day 0 (Fig. 2e ) weakens by day 1 (Fig. 2g) . At 0000 UTC, the wet bias over the Pacific ITCZ is small in comparison with that at 1200 UTC because of light precipitation intensity at 0000 UTC. The slightly dry bias at 0000 UTC is around the western Pacific warm pool initially, but it develops quickly with lead time, and a wet bias develops in the Indian Ocean (Figs. 2d,f,i).
The dry biases over central Africa are from 1500 to 0600 UTC, and the wet biases are from 0900 to 1200 UTC (supplemental Figs. S2 and S3). The dry biases over Central America are from 2100 to 1200 UTC, and the wet biases are from 1500 to 1800 UTC (supplemental Figs. S2 and S3). In general, biases for later days resemble the structure of biases at day 0, although it is likely that land surface feedbacks may strengthen equatorial precipitation biases over the period (Williams et al. 2012; C. M. Taylor et al. 2012 ). Many of these contrasting biases over land at 0000 and 1200 UTC relate to errors in the diurnal cycle that will be discussed in the next section. The streamfunction is a useful parameter to relate the precipitation biases to the circulation, especially in the tropics. The mean (nondivergent) flow is along lines of constant streamfunction (streamlines); a positive streamfunction indicates anticyclonic flow in the Northern Hemisphere and cyclonic flow in the Southern Hemisphere. The mean circulation in Fig. 2c shows prominent subtropical anticyclones in both hemispheres, and the anticyclonic circulation in the Indian Ocean is the Indian monsoon. The streamfunction differences relative to the streamfunction at day 0 (Figs. 2h,k) are relatively small but show the Indian monsoon circulation slightly strengthening and drifting northward. This strengthening circulation would enhance the moisture fluxes into the Indian subcontinent, and therefore the observed increase in the dry bias in this region is inconsistent with the bias being driven by circulation errors alone. Over Africa, the strengthening of the streamfunction on day 5 brings moisture from the western Indian Ocean, resulting in the weakening of the dry bias at 0000 UTC and the enhancement of the wet bias at 1200 UTC.
To investigate the bias evolution, spatial RMSEs, spatial Pearson correlation coefficient, and mean biases at 0000 and 1200 UTC between NWP and TMPA data are calculated over the tropical (308S-308N) ocean and land separately based on the seasonal mean of JJAS 2011 (Fig. 3) . The RMSE in Fig. 3a over the tropical land at 1200 UTC is much higher than that over the ocean, and it is mainly contributed by the wet bias over Africa and dry bias over Asia (see Figs. 2e,j) . The corresponding bias (Fig. 3c ) is low because of contrasting contributions from these two regions. The drop of RMSE from day 0 to day 1 over the ocean at 1200 UTC implies an adjustment of the model toward its own climatological values, in response to corrections applied by the data assimilation system. This drop is also reflected in the bias calculation (Fig. 3c) and is associated with the northwestern Pacific region (Figs. 2e,g ). The RMSEs over the ocean at both 0000 and 1200 UTC are comparable except for day 0. The growth in RMSE over the land is very different at 0000 and 1200 UTC, with the error growth being largest in 1200 UTC forecasts over land because of large biases over Africa and Asia (supplemental Fig. S5 ). The differences between the 0000 and 1200 UTC forecasts are dominated by biases over the Pacific where 1200 UTC coincides with the peak convective activity around 0000-0300 local time (LT) for the model and 0300-0600 LT for TMPA; this is explained by the diurnal cycle, which is discussed further in section 4. 
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The spatial correlations over the tropical ocean at both 0000 and 1200 UTC are very high and consistent (Fig. 3b) . The correlation over land at 1200 UTC is low, but the bias (Fig. 3c) is also low. This situation implies that the precipitation over the tropical land at 1200 UTC is out of phase (see Fig. 5 below) .
The drop of RMSE and bias over the tropical oceans from day 0 to day 1 at 1200 UTC also applies at 1500 UTC, and the drop for both RMSE and bias continues at 1800 and 2100 UTC over the western Pacific, eastern Pacific, and Atlantic but is mixed over land areas (see supplemental Figs. S4 and S5) . For RMSE at 1200 UTC over the tropical land, there is no obvious drop from day 0 to day 1. Only over Africa does the RMSE decrease from day 0 to day 2 from 1800 to 0600 UTC (supplemental Fig. S5 ). The 0000 and 1200 UTC area-mean statistics in Fig. 3 have contributions from different places with different solar times (local time); the details for each area can be seen from Figs. S4 and S5 of the supplemental material.
To investigate the adjustment from day 0 to day 1 and the trend over the forecast period, the differences of precipitation and total column water vapor content from NWP simulations between day 1 and day 0 and between day 5 and day 1 at 1200 UTC are plotted in Fig. 4 , indicating the trend over different areas. There is a big drop in precipitation from day 0 to day 1 at 1200 UTC over southeastern Asia, the western Pacific, the Pacific ITCZ, and North American regions (see Fig. 4a ); this is consistent with the change of water vapor content, which shows decreases over most tropical ocean regions (Fig. 4c) , although it is not clear which bias develops first. The decrease of precipitation over the western Pacific continues to day 5, and the water vapor also decreases quickly; this is reflected by the reduced bias with lead time over the western Pacific (supplemental Fig. S4 ). This result means that the NWP-simulated precipitation is too high after assimilation over the western Pacific at 1200 UTC. This will be further investigated in the next section. Both precipitation and water vapor content increase over Africa between 08 and 158N, consistent with the increased RMSE and bias over this region (supplemental Fig. S5 ). It is plausible that the enhanced moisture flow (Fig. 2k) will increase precipitation over equatorial Africa and further enhance soil moisture, evaporation, and atmospheric water vapor, thereby initiating a positive feedback on the precipitation changes.
The diurnal cycle of precipitation
The diurnal cycle of precipitation is the response to the solar diurnal-cycle forcing, and it is the main source of forecast error (Chakraborty 2010) . Proper representation of the interactions among the various elements of the atmosphere-land-ocean-cryosphere system is crucial for achieving the correct amplitude and phase of this forced diurnal cycle (Bergman and Salby 1996; Yang and Slingo 2001; Kikuchi and Wang 2008) . To investigate the diurnal-cycle effect on the precipitation bias, the 3-hourly data from TMPA are used for comparison with NWP data.
The area mean diurnal cycle from June to September 2011 over five tropical ocean regions and four tropical land regions (see Table 2 ) is calculated and is displayed in Fig. 5 . The hours at the bottom of each plot are local time for the area center, and those at the top of the plot are in UTC. The full diurnal cycle for days 0-2 and data points at 0000 and 1200 UTC from days 3 to 6 are also plotted, together with observations from TMPA 3-hourly datasets. The lines for days 0-2 are broken between 0900 and 1200 UTC to indicate the discontinuity of the time from the definition of days 0, 1, and 2 in section 2. The peaks in the predicted diurnal cycle over the oceans are in the early morning (;0100-0600 LT), and they are approximately 3 h earlier than observations based on the available data temporal resolution. The amplitudes from models are larger than indicated by TMPA data. Over most of the ocean regions considered (four out of five), the peak from day 0 is higher than those at longer forecast lead time, relating to the initial response of the assimilation increments in these regions. The diurnal-cycle shape and amplitude for forecasts at different lead times are very similar except that of day 0.
Over land, the NWP peak position is also ahead of those of the observations. The model shows peaks around local noon, but the observations show peaks around 1500-1800 LT, consistent with previous analysis (Yang and Slingo 2001; Bechtold et al. 2004; Rasch et al. 2006; Dai et al. 2007; Stratton and Stirling 2012) . Overall, the mean diurnal phases over different ocean and land areas from the NWP simulations are stable with lead time, in contrast to those studied by Chakraborty (2010) using the ECMWF model over the Indian monsoon area, where the phase error in the diurnal cycle increases from day 0 to day 1.
Most of the biases over land areas in Fig. 2 can be explained by the phase difference of the diurnal cycle. Over central Africa around 0000 UTC, the observed precipitation is higher than values from the NWP forecasts, which increase with the lead time (Fig. 5f ). This result explains the dry bias and the weakening of the bias with lead time at 0000 UTC. The diurnal-cycle magnitude from NWP is much higher at 1200 UTC than that from observations, and therefore we see the wet bias at 1200 UTC in Fig. 2 . There is a bimodal variation of diurnal cycle over Australia in the TMPA data, but the model misses the earlier peak (Fig. 5h) . The bias is still small in Fig. 2 because of the small precipitation amplitude over Australia (note that the scales of the y axes in Fig. 5 vary by panel) . The mean biases over the western Pacific are mixed (wet and dry) in Fig. 2 (see also Figs. S2 and S3 of the supplemental material), but the mean diurnal-cycle amplitude from the model is always higher than the observations (Fig. 5b) . This situation implies ITCZ dominance of the area-weighted precipitation amplitude.
While increasing resolution helps in improving the characteristics of the diurnal cycle in precipitation (Kendon et al. 2012) , errors in the phase and spatial organization of convective systems are ultimately tied to convective parameterization (Pearson et al. 2013) , which is necessary at all but the finest-scale simulations (e.g., 1 km). Modifications to the convective parameterization may be used to improve the simulation of radiative energy budget (Allan et al. 2007 ) and the diurnal amplitude and timing of precipitation (Stratton and Stirling 2012) . Furthermore, the data from observations have their own uncertainties (Kikuchi and Wang 2008) . Although afternoon peak time over land is physically understandable, the mechanism for early peak time over the ocean is still not very clear (Kidd et al. 2013) , and further investigation is needed.
Comparison with systematic climate-model bias
In this section, we characterize the daily mean precipitation and water vapor errors in the NWP simulations and attempt to link with systematic biases in the climate-model version. The mean precipitation bias between NWP and TMPA data is plotted in Figs. 6a,b at day 0 and day 2. The data are averaged from daily means (eight values per day) over JJAS 2011. There are dry mean precipitation biases over central Africa at day 0, but they become wet at day 2. There are wet biases over Asia, the northern Indian Ocean, the western Pacific, and the Pacific ITCZ, although dry biases develop over the western Pacific by day 2.
Because water vapor is the source of precipitation and it is assimilated by the model, the bias of total column water vapor content between NWP (at day 0 and day 2) and ERA-Interim data is also shown in Figs. 6c,d . The whole tropical area is dominated by the wet biases except those areas around central Africa. The bias is reduced at day 2 in general, and some dry biases have developed over South America, the central Pacific, and India. The bias trend over central Africa is similar to that of precipitation and evolved from dry to wet, again indicating coupling and potential positive feedbacks.
The water vapor biases between NWP and RSS F17 in Figs. 6e,f also show similar tendencies. The biases are smaller than those from ERA-Interim since the water vapor content in ERA-Interim is lower than other observations over the subtropical oceans (Dee et al. 2011 ). There are some differences between precipitation bias (Fig. 6b ) and water vapor content bias (Fig. 6f) , such as the wet-bias domination over the whole tropical oceans; this may result from the longer time scale over which assimilated water vapor reaches equilibrium. In general, the NWP model progresses toward to a drier climate over the oceans while the bias over central Africa progresses toward to a wetter climate.
The Met Office NWP model uses a set of parameterizations that is similar to the climate version of the HadGEM2 model. To investigate whether the bias emerging from the NWP simulations relates to the climatological difference between the climate model and the observations, the climatological differences of precipitation and water vapor content are plotted in Fig. 7 .
The climatological differences between HadGEM2-A (atmospheric model only) and observations are shown in Figs. 7a-c. The climatological mean is calculated over the period of June-September from 2000 to 2008. The general overestimation of precipitation over the tropical oceans is similar to the mean biases among many AMIP5 models (Liu et al. 2012) . The HadGEM2-A precipitation biases are qualitatively consistent with the NWP and TMPA differences shown in Fig. 6b , but there are no strong biases over central Africa. Brown et al. (2012) also find similarities between NWP and HadGEM2 biases using Global Precipitation Climatology Project observations for annual mean data. The dry water vapor biases are over tropical Asia and the western Pacific when compared with RSS F13 data, and the pattern is similar to the bias between HadGEM2-ES and ERA-Interim (Figs. 7c,f) and the NWP biases (Fig. 6f) . Some similarities of the dry bias areas over land can be seen between HadGEM2 and the NWP model ( Fig. 6d and Fig. 7c ), such as the dry biases over North Africa around 158N and over India, central Asia, and North America. Over the ocean there are more similarities between Fig. 6f and Fig. 7b , such as the dry biases over the western Pacific, northwestern Pacific, and eastern Indian Ocean and the wet bias over the western Indian Ocean.
The climatological differences between HadGEM2-ES and observations are shown in Figs. 7d-f. In these simulations, the SST is free to evolve and therefore adds the potential for additional positional errors in the large-scale atmospheric circulation. For precipitation, however, the bias over the western Pacific is similar to that between HadGEM2-A and TMPA. The smaller biases in HadGEM2-ES are associated with the coupled ocean-atmosphere response to the bias: the coupled model tends to develop a cool SST bias, in part relating to the excess precipitation and the reduced surface solar radiation that further reduces convection (in the Indian Ocean in particular) through a negative feedback and gives an apparent improvement in atmospheric biases (Levine et al. 2013) . The water vapor content climatological difference is also similar to HadGEM2-A differences, except for the central Pacific where HadGEM2-ES shows a stronger dry climate. The dry biases over the western Pacific and the eastern Indian Ocean and the overall drier climatological conditions over the ocean are consistent with the NWP results.
The precipitation biases for both NWP and climate models are similar, and the water vapor bias trends in NWP drift to the model climatological values gradually, implying that precipitation has a quick response to the parameterization processes but that the water vapor has a slow response. The clear link between the NWP model bias and the systematic bias in its climatemodel version means that the bias evolution in the NWP model in the first few days can therefore be informative for the understanding of the processes responsible for these biases.
Simulated and observed precipitation variability
The mean precipitation and water vapor content for June-September 2011 over the tropical oceans and land from both the NWP model and observations are plotted in Fig. 8 . All lines are 3-day running means. Over the tropical ocean, both precipitation and water vapor content from the NWP model have larger values than are observed, but variability is well represented.
Over the tropical land, mean precipitation between forecasts (mean values are 3.0, 3.1, and 3.2 mm day 21 for days 0, 1, and 2, respectively) and TMPA data (mean value is 3.0 mm day 21 ) is comparable and in phase (Fig. 8b) . The correlation coefficients r are 0.61 and 0.52 for the first two days, and r drops quickly for the third day (r 5 0.18). Although the water vapor contents from NWP model forecasts are systematically higher than those from ERA-Interim, there is very good agreement between them, and the correlation coefficients are respectively 0.95, 0.77, and 0.45 for the first three days of NWP forecasts. The correlation coefficients in Table 3 are very high at day 0 because the RSS F17 water vapor is assimilated into the model. The combined zonal mean precipitation variation of 0000 and 1200 UTC with latitude and time over the western Pacific is plotted in Fig. 9 . There is very good agreement of the variability between TMPA and NWP data. The pattern can even be forecast well at day 5. The agreement over the Atlantic is also very good (supplemental Fig. S6) ; the general pattern can be captured well at day 0 but becomes weaker at day 5.
The predicted northward propagation of the precipitation from NWP over the western Pacific and Atlantic is associated with tropical storms and is shown in Fig. 10 . (The storm name and path data were obtained online from http://www.wunderground.com.) The storm path is colored on the basis of its wind speed intensity (mi h 21 ;
It is clear that when the tropical storm is formed over the western Pacific Ocean it carries the precipitation away from the ITCZ when moving northward. This pattern indicates the importance of tropical cyclones in determining zonal precipitation anomalies and merits further investigation in the future.
Summary
The NWP precipitation dataset from the Met Office global forecast model is compared with those from satellite observations (RSS F17 and TMPA) to assess the skill of the NWP model and to assess the suitability of NWP simulations in providing information on the physical processes leading to the development of systematic biases in climate-model simulations. Global mean features, such as the ITCZ, are captured well by the model, and the tropical storm paths over both the western Pacific and Atlantic are forecast well, particularly over the western Pacific warm pool where the tropical storm path can be forecast well even at day 5. The daily mean variability of precipitation and water vapor content over the tropical ocean and the tropical land are also forecast well, particularly for precipitation over tropical land for which both magnitude and phase from the NWP model are very close to the observations. A precipitation diurnal cycle is identified in simulations and observations over the tropical oceans with a simulated peak in the early morning (;0100-0600 LT) and the observed peak up to 3 h behind; the modeled amplitude is much higher than the observed ones. Precipitation occurs too early in the model over land, consistent with previous studies (Slingo et al. 2003; Kendon et al. 2012; Stratton and Stirling 2012) . The peak time is around 1500-1800 LT over tropical land in the observations, but it is around 1200 LT in the NWP model. The simulated mean diurnal phase is stable with the forecast lead time over the area considered. All of these results suggest a too-rapid response of the convective parameterization to the diurnal cycle in surface fluxes, indicating either a weakness in the convective triggering procedure or the turbulent and convective mixing of the atmosphere (Bechtold et al. 2004 ). Most of the biases over land areas can be explained by the phase difference of the diurnal cycle, such as the dry biases over Central America and Africa at 0000 UTC and the wet bias over Africa and the dry bias over South Asia at 1200 UTC. There is a bimodal variation of diurnal cycle over Australia in the observations, but there is only one peak in the model. The bias is still small because of the small diurnal-cycle amplitude in that region.
The major biases-in particular those over the western Pacific and the central Indian Ocean-can be linked between the NWP and climate versions of the Met Office model. The adjustment of precipitation bias from the first day to the second day is substantial, in particular over the northwestern subtropical Pacific, and is associated with the model drift to its climatological values as determined from climate-model simulations. Since the period is limited to the Northern Hemisphere summer, the biases may be region dependent [e.g., the annual mean difference is shown by Brown et al. (2012) ].
The biases associated with the diurnal cycle are the main sources of the forecast errors. A recent study by Stratton and Stirling (2012) shows that changing the deep convective parameterization can improve both the amplitude and timing of the diurnal peak in precipitation over land. It will be interesting to see the improvement of the NWP model by employing this new scheme in the future. Only the precipitation events relating to high-frequency (diurnal cycle) and synoptic (tropical cyclones) time scales are investigated in this paper by using data for 4 months. Although some interesting results have been obtained, it will be useful to use a longer period of data to check the statistical robustness of these results and to consider low-frequency modes, such as the Madden-Julian oscillation, in a future study (Rasch et al. 2006 ).
